Abstract: Electric-furnace smelting has become the dominant process for the production of the titanium slag from ilmenite in China. The crystallization behaviors of anosovite and silicate crystals in the high CaO and MgO titanium slag were studied to insure smooth operation of the smelting process and the efficient separation of titanium slag and metallic iron. higher crystallization priority and should be responsible for the sharp increase in viscosity of titanium slag during cooling. The total crystallization rates of anosovite and silicate crystals are mainly controlled by Al 2 TiO 5 and MgSiO 3 , respectively. The mass ratio of Ti 2 O 3 /ΣTiO 2 has a prominent influence on the total crystallization rate of anosovite crystals while the mass ratio of MgO/FeO has a slight influence on the total crystallization rate of anosovite crystals.
Introduction
Titanium dioxide and metallic titanium are the main products of titanium metallurgy. Titanium dioxide is widely employed in the fields of coating, painting, paper, plastics, rubber, and ceramic because of its non-toxicity, opacity, whiteness and brightness [1] [2] [3] . Metallic titanium has various applications such as aviation, aerospace, biomedical, marine, and nuclear waste storage due to its high corrosion resistance, high specific strength, light weight, high melting point, and high chemical/heat stability [3] [4] [5] . A large amount of high-quality titanium-rich materials are increasing required due to the wider and wider application of titanium dioxide and metallic titanium. Titanium-rich materials mainly include two types: Rutile and titanium slag. With the depletion of rutile resource, titanium slag has become the main titanium-rich material to produce the metallic titanium and titanium white in China. The electric-furnace smelting has become the dominant process to produce titanium slag from ilmenite in China. During the process of the electric-furnace smelting, iron oxide in ilmenite concentrate is reduced to metallic iron and titanium oxide in ilmenite is left in the slag (called titanium slag). The flow behavior of titanium slag at high temperature is a crucially significant factor, influencing, for example, the ability to tap the titanium slag from the electric furnace, the efficiency of separation of titanium slag from metal
Mathematical Model
According to the classical crystallization kinetics from D. Turnbull et al. [26] , the nucleation rate I of a crystal and the formation energy of a crystal nucleus could be expressed as Equations (1) and (2) respectively.
where I is the nucleation rate of a crystal in m −3 ·s −1 , n is the atom number per unit volume, D is the self-diffusion coefficient of atoms in the melt in m 2 ·s −1 , a 0 is the lattice parameter in m, ∆G* is the formation energy of crystal nucleus in J·mol −1 , k is the Boltzmann constant, T is the temperature of the melt in K, π is the pi constant, σ is the interfacial energy between the melt and crystal in J·m −2 , and ∆g V is the change of Gibbs free energy per unit volume in J·mol −1 ·m −3 .
The relationship between the self-diffusion coefficient D and the viscosity η could be expressed as Equation (4) [27, 28] .
where η is the viscosity of the melt in Pa·s, ∆H g m is the fusion heat per mole melt in J·mol −1 , V is the mole volume of the crystal in m 3 ·mole −1 , and ∆T r = 1 − T r (T r = T/T m , T m is the melting temperature of a crystal in K).
The viscosity involves the physicochemical property of the melt and can be estimated by the National Physical Laboratory model [29] . The optical basicity of the slag component for the calculation of titanium slag is from references [29] [30] [31] . The relationship between the viscosity and temperature was expressed as Equation (6) .
The relationship between optical basicity and constants A and B could be expressed as Equations (7) and (8) [29] .
ln A = −232.69(Λ) 2 + 357.32Λ − 144.17 (8) The optical basicity of the titanium slag could be calculated by the following Equation (9).
where χ i and n i is the mole fraction and the number of oxygen atoms of an independent component respectively and Λ i is the optical basicity of the corresponding independent component. Taking Equations (2)- (5) into Equation (1), the nucleation rate I of a crystal can be deduced as Equation (10) .
where α and β are the two dimensionless parameters which have the important influence on the crystal melting process. α and β could be expressed as following Equations (11) and (12) [32] .
where N 0 is the Avogadro constant.
Combined with Equations (11) and (12) , the nucleation rate I of a crystal could be expressed as Equation (13) .
According to the classical kinetics of crystallization, the growth rate I L of a crystal could be expressed as Equation (14) .
where f s is the proportionality coefficient of the position benefiting the atomic adsorption on the crystal at interface between melt and crystal and ∆G g is the change of Gibbs free energy per mole between the melt and crystal. fs and ∆G g could be expressed as Equations (15) and (16) [33] .
Combined with Equations (14)- (16), the growth rate of a crystal could be expressed as Equation (17) .
Combined with Equations (11), (12) and (17), the growth rate of a crystal could be expressed as Equation (18) [34] .
According to a previous research by Uhlmann et al. [33] , the volume fraction (x) of a crystal could be expressed as a function with the nucleation rate (I), growth rate (I L ) and time t.
The total crystallization rate of a crystal r total could be expressed as a function with mole fraction (ω i ) and crystallization rate (r i ) of a given crystal as Equation (21) .
The chemical composition of titanium slag is as follows (wt. %): TiO 2 = 55.20, FeO = 12.21, SiO 2 = 5.89, MnO = 1.53, MgO = 2.51, Al 2 O 3 = 2.83, CaO = 1.00, and Ti 2 O 3 = 18.92. The structural parameters and melting temperatures of these crystals in titanium slag are listed in Table 1 [35] [36] [37] . a 0 = (a × b × c) 1/3 , in which a, b and c are lattice parameters of crystals in the titanium slag. Because the content of Mn-anosovite is small, Mn-anosovite is neglected in this work. From the viewpoint of the classical crystallization theory, the crystallization process includes two stages: Nucleation and growth. The nucleation refers to the generation of a crystal nucleus from a mother phase. The growth of the crystal is realized by the growth of the crystal nucleus. Although the nucleation process is transitory compared with the subsequent growth process, the nucleation is completely different from the growth process. Figure 1 displays the nucleation and growth rates of different anosovite crystals in the titanium slag. It can be observed from Figure 1 that the nucleation rates first increase from zero to the maximum value and then decrease to zero with the degree of undercooling increasing from zero. The profiles of nucleation rates should be attributed to the interaction of two contradictory factors related to the crystallization process: The degree of undercooling and diffusion ability of atoms. With a too high or too low degree of undercooling, the small nucleation rates of crystals are formed. With a reasonable degree of undercooling, the maximum nucleation rates of crystals are formed. The profiles of growth rates have the similar characteristics to the profiles of nucleation rates. The maximum nucleation rates and maximum growth rates of anosovite crystals follow the same order: Al 2 Figure 2 displays the nucleation and growth rates of different silicate crystals in titanium slag. It can be observed from Figure 2 that the profiles of nucleation rates of silicate crystals have the similar characteristics to the profiles of nucleation rates of anosovite crystals. The profiles of growth rates of silicate crystals have the similar characteristics to the profiles of growth rates of anosovite crystals. Both the maximum nucleation rates and the maximum growth rates of silicate crystals follow the same order: MgSiO3 > CaSiO3 > Mn2SiO4 > Fe2SiO4. The maximum nucleation rates (maximum growth rates) of different silicate crystals are similar in value, indicating that silicate crystals have the similar crystallization ability. The maximum nucleation rates (maximum growth rates) of silicate crystals are much smaller than those of anosovite crystals, demonstrating that silicate crystals may have much a weaker crystallization ability than the anosovite crystals.
Nucleation and Growth of Silicate Crystals
The driving force of the crystallization and diffusion ability of atoms is large enough when the temperature is between that of the maximum nucleation rate and the maximum growth rate. Therefore, the range from the temperature of maximum nucleation rate to the temperature of maximum growth rate is specified as the characteristic temperature range of crystallization in this work. It is easy to nucleate, grow and obtain coarse grain within the characteristic temperature range. Figure 2 displays the nucleation and growth rates of different silicate crystals in titanium slag. It can be observed from Figure 2 that the profiles of nucleation rates of silicate crystals have the similar characteristics to the profiles of nucleation rates of anosovite crystals. The profiles of growth rates of silicate crystals have the similar characteristics to the profiles of growth rates of anosovite crystals. Both the maximum nucleation rates and the maximum growth rates of silicate crystals follow the same order: MgSiO 3 > CaSiO 3 > Mn 2 SiO 4 > Fe 2 SiO 4 . The maximum nucleation rates (maximum growth rates) of different silicate crystals are similar in value, indicating that silicate crystals have the similar crystallization ability. The maximum nucleation rates (maximum growth rates) of silicate crystals are much smaller than those of anosovite crystals, demonstrating that silicate crystals may have much a weaker crystallization ability than the anosovite crystals.
The driving force of the crystallization and diffusion ability of atoms is large enough when the temperature is between that of the maximum nucleation rate and the maximum growth rate. Therefore, the range from the temperature of maximum nucleation rate to the temperature of maximum growth rate is specified as the characteristic temperature range of crystallization in this work. It is easy to nucleate, grow and obtain coarse grain within the characteristic temperature range. 
Crystallization Behavior of Anosovite and Silicate Crystals
The crystallization rate of crystals is the main and direct indicator for evaluating the crystallization behavior. Therefore, the optimum temperature range of crystallization can be determined by the crystallization rate of crystals. Figure 4 shows the crystallization rates of different anosovite and silicate crystals in titanium slag. It can be seen from Figure 4a that the maximum crystallization rate of Al2TiO5 has two higher orders of magnitude than Ti3O5. The maximum crystallization rate of MgTi2O5 has five higher orders of magnitude than FeTi2O5. It is notable that the total crystallization rate of anosovite crystals is mainly controlled by Al2TiO5. The optimum temperature ranges of anosovite crystals are as the following: Al2TiO5 (1744-1804 K) > Ti3O5 (1636-1696 K) > MgTi2O5 (1589-1649 K) > FeTi2O5 (1346-1406 K). It can be seen from Figure 4b that the maximum crystallization rates of MgSiO3 and CaSiO3 have three higher orders of magnitude than Mn2SiO4 and five higher orders of magnitude Fe2SiO4. The total crystallization rate of silicate crystals 
The crystallization rate of crystals is the main and direct indicator for evaluating the crystallization behavior. Therefore, the optimum temperature range of crystallization can be determined by the crystallization rate of crystals. Figure 4 shows the crystallization rates of different anosovite and silicate crystals in titanium slag. It can be seen from Figure 4a that Notably, both the maximum crystallization rate and the optimum temperature ranges of Al2TiO5 and Ti3O5 are much higher than other crystals in high CaO and MgO titanium slag. The crystallization priority of Al2TiO5 and Ti3O5 is consistent with the report from Zhao et al. [7] that the sharp increase in viscosity of titanium slag may be caused by the high Al2O3 and Ti2O3 content in titanium slag. The accuracy of the mathematical model can be preliminarily demonstrated by the consistency between the crystallization priority of Al2TiO5 and Ti3O5 in titanium slag and the remarkable effect of Al2O3 and Ti3O5 on viscosity of titanium slag. This result implies that the variation of Al2O3 and Ti3O5 content in titanium slag should be paid close attention to during the electric-furnace smelting process. Furthermore, Song et al. [38] and Handfield et al. [9] reported that the melting temperature of the titanium slag, whose composition was similar with the titanium slag in this work, was approximately 1873 K. Al2TiO5 in this work has the crystallization rate of 1.03 × 10 23 (s −4 ) at the temperature of 1873 K. The accuracy of the mathematical model can be further demonstrated by the crystallization rate of Al2TiO5 at the melting temperature of 1873 K.
Tc is the peak temperature of maximum crystallization rate of crystals. Tm is the melting point of the crystal. (Tm − Tc)/Tm represents the crystallization process during cooling. Figure 5a shows the relationship between melting temperature and the crystallization process. It can be seen from Figure  5a that the crystal with higher melting temperature crystallizes earlier during cooling. This crystallization order agrees with the work from Diao et al. [39] that the mineral phases of vanadiumchromium slag crystallized in the order of their melt points during cooling. Figure 5b shows the relationship between the maximum crystallization rate and the peak temperature. It can be seen from Figure 5b that the crystallization order of crystals in titanium slag is obtained during cooling as follows: Al2TiO5 > Ti3O5 > MgTi2O5 > MgSiO3 > CaSiO3 > FeTi2O5 > Mn2SiO4 > Fe2SiO4. The crystal with a higher maximum crystallization rate has a higher peak temperature. This relationship may be ascribed to the strong diffusion ability of atoms with the higher temperature. Obviously, anosovite crystals crystallize overall earlier than silicate crystals during cooling. The crystallization order in this work is consistent with the reports from Pistorius et al. [40] and Wang et al. [41] that anosovite and silicate crystals occupied the center and outer layer of titanium slag particle, respectively. The accuracy of the mathematical model can be demonstrated once again by the consistency between the overall crystallization order and spatial distribution of anosovite and silicate crystals in high CaO and MgO titanium slag. [38] and Handfield et al. [9] reported that the melting temperature of the titanium slag, whose composition was similar with the titanium slag in this work, was approximately 1873 K. Al 2 TiO 5 in this work has the crystallization rate of 1.03 × 10 23 (s −4 ) at the temperature of 1873 K. The accuracy of the mathematical model can be further demonstrated by the crystallization rate of Al 2 TiO 5 at the melting temperature of 1873 K.
T c is the peak temperature of maximum crystallization rate of crystals. T m is the melting point of the crystal. (T m − T c )/T m represents the crystallization process during cooling. Figure 5a shows the relationship between melting temperature and the crystallization process. It can be seen from Figure 5a that the crystal with higher melting temperature crystallizes earlier during cooling. This crystallization order agrees with the work from Diao et al. [39] that the mineral phases of vanadium-chromium slag crystallized in the order of their melt points during cooling. Figure 5b shows the relationship between the maximum crystallization rate and the peak temperature. It can be seen from Figure 5b The crystal with a higher maximum crystallization rate has a higher peak temperature. This relationship may be ascribed to the strong diffusion ability of atoms with the higher temperature. Obviously, anosovite crystals crystallize overall earlier than silicate crystals during cooling. The crystallization order in this work is consistent with the reports from Pistorius et al. [40] and Wang et al. [41] that anosovite and silicate crystals occupied the center and outer layer of titanium slag particle, respectively. The accuracy of the mathematical model can be demonstrated once again by the consistency between the overall crystallization order and spatial distribution of anosovite and silicate crystals in high CaO and MgO titanium slag. 
Effects of Slag Composition on Crystallization Behaviors of Anosovite Crystals
To investigate effects of the slag composition on crystallization behaviors of anosovite crystals, the mass ratio of Ti2O3/ΣTiO2 and the mass ratio of MgO/FeO are selected as two variables. The chemical compositions of slag are shown in Table 2 . The mass ratio of Ti2O3/ΣTiO2 is from 0.05 (CS1) to 0.45 (CS5) and the mass ratio of MgO/FeO is from 0.10 (CS6) to 0.90 (CS10). Figure 6 shows the effects of mass ratio of Ti2O3/ΣTiO2 and the mass ratio of MgO/FeO on the total crystallization rates of anosovite crystals. It can be observed that the total crystallization rates of anosovite crystals increases one order of magnitude with the mass ratio of Ti2O3/ΣTiO2 increasing from 0.05 to 0.45 and increases only three times with the mass ratio of MgO/FeO increasing from 0.10 to 0.90. It can be deduced that the mass ratio of Ti2O3/ΣTiO2 has a remarkable influence on the total crystallization rate of anosovite crystals while the mass ratio of MgO/FeO has a slight influence on the total crystallization rate of anosovite crystals. Figure 7 shows the effects of the mass ratio of Ti2O3/ΣTiO2 and the mass ratio of MgO/FeO on the maximum total crystallization rate and peak temperature of anosovite crystals. It can be seen from Figure 7 that the maximum crystallization rate of anosovite crystals decreases with the mass ratio of Ti2O3/ΣTiO2 increasing, while the maximum crystallization rate of anosovite crystals increases with the mass ratio of MgO/FeO increasing. This phenomenon can be attributed to the variation of the viscosity of titanium slag resulting from the composition change. The peak temperatures of total crystallization rates of anosovite crystals increase with the mass ratio of Ti2O3/ΣTiO2 increasing, while the peak temperatures of total crystallization rates of anosovite crystals decrease with the mass ratio of MgO/FeO increasing. This phenomenon demonstrates that the increase in the viscosity of titanium slag leads to the diffusion difficulty of atoms and the larger degree of undercooling is needed to crystallize. 
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